The dual nature of the NMDA receptor as a mediator of excitotoxic cell death and activity-dependent cell survival likely results from divergent patterns of kinase activation, transcription factor activation, and gene expression. To begin to address this divergence, we examined cellular and molecular signaling events that couple excitotoxic and nontoxic levels of NMDA receptor stimulation to activation of the cAMP response element-binding protein (CREB)/cAMP response element (CRE) pathway in cultured cortical neurons. Pulses (10 min) of NMDA receptor-mediated synaptic activity (nontoxic) triggered sustained (up to 3 h) CREB phosphorylation (pCREB) at serine 133. In contrast, brief stimulation with an excitotoxic concentration of NMDA (50 M) triggered transient pCREB. The duration of pCREB was dependent on calcineurin activity. Excitotoxic levels of NMDA stimulated calcineurin activity, whereas synaptic activity did not. Calcineurin inhibition reduced NMDA toxicity and converted the transient increase in pCREB into a sustained increase. In accordance with these observations, sustained pCREB (up to 3 h) did not require persistent kinase pathway activity. The sequence of stimulation with excitotoxic levels of NMDA and neuroprotective synaptic activity determined which stimulus exerted control over pCREB duration. Constitutively active and dominant-negative CREB constructs were used to implicate CREB in synaptic activity-dependent neuroprotection against NMDA-induced excitotoxicity. Together these data provide a framework to begin to understand how the neuroprotective and excitotoxic effects of NMDA receptor activity function in an antagonistic manner at the level of the CREB/CRE transcriptional pathway.
Introduction
Excitatory neurotransmission is a critical regulator of both the development and maintenance of normal nervous system physiology. For example, neuronal activity facilitates cell survival, suppresses apoptotic cell death (Catsicas et al., 1992; Sherrard and Bower, 1998; West et al., 2002) , functions as a guidance cue during neuronal migration, and refines synaptic circuitry (Katz and Shatz, 1996; Behar et al., 1999; Cohen-Cory, 2002; Cancedda et al., 2003) . As the dominant fast excitatory neurotransmitter, glutamate is a key regulator of these processes (Barry and O'Donovan, 1987; Barger and Mattson, 1995) . Its capacity to drive synaptic communication is derived in part by the NMDA subtype of ionotropic glutamate receptor. The NMDA receptor functions as a cellular "gate" that allows Ca 2ϩ to enter the cell only under the correct spatial and temporal pattern of synaptic activity (for review, see Nakanishi, 1992; Malenka and Nicoll, 1993; Cull-Candy et al., 2001) . In turn, elevated intracellular Ca 2ϩ triggers the expression of new genes, thus converting brief NMDA receptor stimulation into long-term changes in CNS physiology.
NMDA receptor stimulation can protect against cell death resulting from both the withdrawal of trophic factors and excitotoxic insults (Balazs et al., 1988; Chuang et al., 1992; Rocha et al., 1999; Raval et al., 2003) . NMDA receptor-mediated neuroprotection is a transcriptionally dependent process (Marini and Paul, 1992 ) that appears to be dependent, in part, on the expression of both the anti-apoptotic gene BCL-2 (Mabuchi et al., 2001; Alavez et al., 2003) and the neurotrophin BDNF (Aliaga et al., 1998; Rocha et al., 1999) . A number of studies have shown that the cAMP response element-binding protein (CREB)/cAMP response element (CRE) transcriptional pathway regulates the expression of both BCL-2 and BDNF (Wilson et al., 1996; Shieh et al., 1998; Tao et al., 1998; Riccio et al., 1999) . With respect to the role of the CREB/CRE transcriptional pathway in neuroprotection, Hara et al. (2003) found that CRE-mediated gene expression is necessary for the induction of ischemic tolerance. Likewise, Mabuchi et al. (2001) showed that the neuroprotective effects of an ischemic preconditioning stimulus involve both NMDA receptor stimulation and CREB-dependent transcrip-tion. These observations suggest that a signaling cassette formed by the NMDA receptor and the CREB/CRE transcriptional pathway contributes to activity-dependent neuroprotection.
These neuroprotective effects appear to be mediated specifically by synaptic NMDA receptors; activation of extrasynaptic NMDA receptors has been shown to trigger a transient form of CREB phosphorylation and apoptotic cell death (Hardingham et al., 2002) . Although these studies suggest a role for both synaptic activity and CREB-dependent transcription in neuroprotection, issues regarding the signaling events that regulate the induction and duration of NMDA receptor-evoked CREB phosphorylation, as well as how stimulus intensity triggers protection or cell death, have yet to be addressed. The data presented here provide new mechanistic insights into the connections between the NMDA receptor/CREB signaling cassette and the induction of excitotoxic tolerance.
Materials and Methods
Tissue culture and transfection. Embryonic day 19 -20 Sprague Dawley rat pups were decapitated, their brains were removed, and the cortices were isolated and placed in dissociation media [DM; containing the following (in mM): 90 Na 2 SO 4 , 30 K 2 SO 4 , 16 MgCl 2 , 0.25 CaCl 2 , 32 HEPES, and 0.01% phenol red (Sigma, St. Louis, MO), pH 7.7]. Tissue then was washed three times in DM, finely minced with a razor blade, and digested with a mild protease solution [100 U/ml papain latex (Worthington, Freehold, NJ) and 4.5 mg of cysteine (Sigma) in DM] at 37°C for 30 min. After removal of the digestion solution, the tissue was washed three times in DM and transferred to tissue culture medium [minimal essential medium (MEM); Invitrogen, San Diego, CA] containing 10% fetal bovine serum and 100 U/ml penicillin/streptomycin. Then the tissue was triturated into a single-cell suspension via a 5 ml serological pipette and plated at a density of 2.2 ϫ 10 5 cells/cm 2 on poly-L-lysine-coated (Ͼ540 kDa; Sigma) glass coverslips or tissue culture dishes. At 2 h after plating, the medium was replaced with MEM containing 2% B-27 (Invitrogen), 1% fetal bovine serum, and 100 U/ml penicillin/streptomycin. Cultures were maintained at 37°C and 5% CO 2 in a Napco (Winchester, VA) 6100 incubator. Experiments were performed after 10 -12 d in vitro (DIV). All animal procedures were in accordance with The Ohio State University animal welfare guidelines.
Fura-2 calcium digital imaging. Time-lapse ratiometric fluorescent digital microscopy was performed as described previously . Ratiometric single-cell imaging data were collected with MetaFluor software (Universal Imaging, West Chester, PA). Data acquisition was performed every 5 s. Cells were maintained in a HEPESbased buffer containing the following (in mM): 137 NaCl, 25 glucose, 10 HEPES, 5 KCl, 1 MgCl 2 , and 3 CaCl 2 , pH 7.4. To facilitate NMDA receptor activity during synaptic activity assays and NMDA administration, we added glycine (2 M) and removed Mg 2ϩ from the perfusion medium. Tetrodotoxin (TTX; 1 M) was added to the perfusion solution to block spontaneous synaptic activity during NMDA administration.
Western blotting. Cultured cells were transferred from tissue culture medium to a HEPES perfusion solution containing 1 M TTX 30 min before stimulation. Cells were stimulated for 10 min and lysed in 200 l of hot (95°C) 3ϫ SDS sample buffer. Lysates were stored at Ϫ80°C until use. Before being loaded, the lysates were heated to 95°C for 10 min, vortexed (10 s), and centrifuged for 7 min at 15,000 ϫ g. Extracts (20 l/lane) were electrophoresed into a 10% SDS polyacrylamide gel and transblotted onto polyvinylidene fluoride (Immobilon P; Millipore, Bedford, MA). Next the membranes were washed with 5% (w/v) powdered milk dissolved in PBS with 0.1% Triton X-100 (PBST), followed by incubation (4°C overnight) with one of the following antibodies: affinitypurified rabbit polyclonal anti-CREB phosphorylated at Ser 133 (1:1000 final dilution; Cell Signaling Technology, Beverly, MA), mouse monoclonal anti-extracellular signal-regulated kinase-1 (ERK-1) and anti-ERK-2 phosphorylated at Thr 202 and Tyr 204 (1:5000; Sigma), or mouse monoclonal anti-Ca 2ϩ /calmodulin-dependent protein kinase IV (CaMKIV) phosphorylated at Thr 196 (acquired from Dr. Thomas R.
Soderling, Vollum Institute, Portland, OR). Next the membranes were washed and incubated [4 h at room temperature (RT)] with horseradish peroxidase (HRP)-conjugated secondary antibodies directed against the IgG domains of the primary antibodies (1:2000; PerkinElmer Life Sciences, Norwalk, CT). The signal was visualized by using Renaissance chemiluminescent HRP substrate (PerkinElmer Life Sciences). As a control for equal loading of protein across the gel, the membranes were stripped and probed for total ERK expression with a rabbit polyclonal antibody against ERK-1 and ERK-2 (1:1000 final dilution; Santa Cruz Biotechnology, Santa Cruz, CA). ERK expression was revealed with a goat anti-rabbit IgG antibody (1:2000 final dilution; PerkinElmer Life Sciences) conjugated to HRP, followed by visualization as described above. Blots were washed a minimum of six times (5 min per wash) in PBST with 5% milk after each antibody treatment. Quantitation of band intensity was performed with Scion Image analysis software (Frederick, MD). Band intensity was normalized to total ERK-1 for the corresponding lane. Each experiment was repeated a minimum of three times.
Immunostaining. After stimulation, the cells were fixed with 4% (w/v) formaldehyde for 15 min, washed five times in PBST, and then blocked (2 h at RT) with 1% normal goat serum and 10% bovine serum albumin in PBST containing 0.02% azide. Cultures were immunolabeled (overnight at 4°C) with an affinity-purified rabbit polyclonal CREB phosphorylation (pCREB) antibody (1:500; Cell Signaling Technology), a monoclonal antibody raised against the neuronal nuclear marker neuronalspecific nuclear protein (NeuN) (1:500; Chemicon, Temecula, CA), or a rabbit polyclonal antibody raised against green fluorescent protein (GFP; 1:5000 final dilution; acquired from Dr. Luc Berthiaume, University of Alberta, Edmonton, Canada). Next the cells were washed and incubated (4 h at RT) with an Alexa 488-or 594-conjugated secondary antibody (1:250 final dilution; Molecular Probes, Eugene, OR). To examine cell health, we also incubated cultures (10 min) with the DNA stain Hoechst 33342 (Hoechst, 1 g/ml; Molecular Probes) before mounting them with gel mount (Biomedia, Foster City, CA). Photomicrographs were captured by a 16-bit digital camera (Micromax YHS 1300; Princeton Instruments, Trenton, NJ) connected to an inverted epifluorescence microscope [Leica (Nussloch, Germany) DM IRB at 200ϫ magnification]. All tabulated data are expressed as the mean Ϯ SEM. Significance was determined by using the two-tailed Student's t test.
Transfection and reporter gene assays. Primary cultured cortical neurons were transfected after 8 DIV (1.5 g of DNA per well) by using Lipofectamine 2000 (Invitrogen) as described by the manufacturer. The following constructs were used: pcDNA3 VP16-CREB, pcDNA3 A-CREB, pcDNA3.1 (empty vector), pGL3-CRE-luciferase, and pEGFP-N 3 . Cells were assayed 48 h after transfection. Luciferase activity was measured by using the Bright-Glo Luciferase Assay System (Promega, Madison, WI).
Full-length NF-ATc4 was amplified by PCR from a mouse brain cDNA library and cloned in frame into the pcDNA3.1/CT-GFP expression vector (Invitrogen). Cells were assayed 48 h after transfection. Cells were immunostained for GFP and for the neuronal marker MAP2 (1:2000; Sigma). Fluorescent images were captured with a Zeiss (Oberkochen, Germany) 510 Meta confocal microscope (2-m-thick optical section). The nuclear/somatic GFP signal was determined for each neuron and expressed as the mean ratio for each condition.
Cell toxicity assay. Cell toxicity was determined by measuring lactate dehydrogenase (LDH) release as described by Koh and Choi (1987) . The percentage of LDH release was calculated as LDH in the culture medium divided by total LDH (cellular plus medium LDH). Toxicity also was measured by labeling with the DNA stain Hoechst as described above. For the quantification of apoptotic cell death, the regions were selected randomly as described above, and the viability of all neurons (NeuNpositive) within the region was determined. Neurons with fragmented or condensed nuclei were scored as dead or dying (apoptotic).
Materials. Pyruvate, nicotinamide adenine dinucleotide, NMDA, glutamate, nimodipine, bicuculline, 4-aminopyridine (4-AP), TTX, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) disodium salt, and 2-amino-5-phosphonopentanoic acid (APV) were acquired from Sigma. Bisindolylmaleimide, U0126, KN62, KN93, SP600125, and staurosporine were acquired from Calbiochem (La Jolla, CA). H89, FK506, LY294002, PD98059, Rp-cAMPs, and SB203580 were acquired from LC Laboratories (Woburn, MA). Hoechst 33342 and fura-2 were acquired from Molecular Probes.
Results
The NMDA receptor couples synaptic activity to CREB phosphorylation To begin to examine the receptors that mediate synaptically evoked CREB phosphorylation, we prepared cortical neuronal cultures from embryonic day 20 rats and maintained them in vitro for 10 -12 d. Several groups have shown that 10 DIV cortical neurons form functional synaptic connections and secrete both excitatory and inhibitory amino acid neurotransmitters (Segal and Barker, 1984; Wilcox et al., 1994; Obrietan and van den Pol, 1995; Craig et al., 1996) . Fura-2 timelapse digital microscopy was used to monitor neuronal Ca 2ϩ changes mediated by synaptic transmitter release. In the presence of the GABA A receptor antagonist bicuculline (50 M), the withdrawal of the sodium channel blocker TTX (1 M) from the perfusion solution triggered a series of rapid Ca 2ϩ transients (Fig. 1 A) . The majority of neurons within an imaging region (Ͼ 70%) exhibited synchronized Ca 2ϩ transients. The readministration of TTX at the end of the recording returned Ca 2ϩ to basal levels, indicating that the rise in Ca 2ϩ was mediated by the action potentialdependent release of an excitatory neurotransmitter. In parallel with this effect on Ca 2ϩ , spontaneous synaptic activity triggered an increase in the Ser 133 phosphorylated form of CREB ( Fig. 1 A) .
Next we examined whether signaling via the NMDA receptor was sufficient to drive the synaptic network and trigger CREB phosphorylation. In this experiment, synaptic activity was elicited by the withdrawal of TTX from the perfusion media. To augment network-dependent neuronal activity, we added bicuculline (50 M) and the potassium channel blocker 4-AP (200 M) to the perfusion media. Nimodipine (5 M) was added to the perfusion media to eliminate the potential contribution of L-type voltageactivated Ca 2ϩ channels (VACC) to synaptically evoked Ca 2ϩ transients and activity-dependent CREB phosphorylation. Under these conditions, networkdriven neuronal activity elicited robust Ca 2ϩ transients and CREB phosphorylation ( Fig. 1 B) . When the NMDA receptor antagonist APV was added to the perfusion media, synaptic activity was mostly blocked (we did note a small percentage of cells with increased Ca 2ϩ levels even in the presence of NMDA receptor blockade) (data not shown), and CREB phosphorylation was attenuated markedly. The administration of the non-NMDA ionotropic receptor antagonist CNQX did not inhibit the synaptically evoked Ca 2ϩ rise, nor was it able to block CREB phosphorylation ( Fig. 1 B) . Collectively, these data show that a synaptic network can be driven specifically by the NMDA receptor and that NMDA receptor signaling is sufficient to drive CREB phosphorylation.
Synaptic/NMDA receptor stimulation, CREB, and excitotoxic cell death NMDA receptor stimulation has been shown to be both neuroprotective and excitotoxic. Although the mechanism or mecha- , and internal Ca 2ϩ levels were monitored by using fura-2 time-lapse digital microscopy. In the presence of bicuculline (50 M), the withdrawal of the TTX from the buffer elicited rapid and reproducible Ca 2ϩ transients. A, Bottom, Relative to cortical cultures maintained in TTX, 10 min of synaptic activity elicited by the removal of TTX trigged a marked increase in pCREB expression. As a protein loading control, this blot was stripped and probed for total ERK expression. Duplicate determinations are shown for each condition. B, Top, Driving the synaptic network via activation of the NMDA receptor. To examine the necessity of L-type Ca 2ϩ channels and ionotropic glutamate receptors in synaptic activity-dependent CREB phosphorylation, we placed cortical cultures in HEPES buffer containing bicuculline (50 M), 4-AP (200 M), and nimodipine (5 M). In the majority of neurons, the basal Ca 2ϩ levels were maintained by the withdrawal of TTX (1 M) and the addition of APV (100 M) to the perfusion medium. Washout of APV and the non-NMDA ionotropic receptor antagonist CNQX (10 M) triggered a robust and sustained increase in Ca 2ϩ levels. Ca 2ϩ levels also were increased by the withdrawal of APV, indicating that the synaptic release of glutamate stimulated Ca 2ϩ influx via an NMDA receptor-mediated mechanism. B, Bottom, Western blot analysis for pCREB revealed that the NMDA receptor coupled synaptic activity to pCREB expression. C, Synaptic activity attenuates NMDA-induced cell death. Hoechst labeling was used to monitor the effects that synaptic activity has on NMDA-evoked neurotoxicity. A bout (15 min) of synaptic activity was elicited by the application of bicuculline and 4-AP (bicϩ4AP) in the presence of nimodipine and CNQX at time 0 (t ϭ 0). Then 24 h later (t ϭ 24), the cultures were exposed to NMDA (50 M, 15 min); the number of dead and dying cells was scored 8 h later (t ϭ 24 ϩ 8). Arrowheads denote the location of nuclei from healthy cells; arrows indicate apoptotic cells with condensed or fragmented nuclei. D, In the absence of pretreatment with synaptic activity, relatively high numbers (ϳ40%) of apoptotic cells were observed. Pretreatment with synaptic activity significantly (*p Ͻ 0.05) reduced the apoptotic effects of NMDA. Control data are from cells that were stimulated neither with synaptic activity nor with NMDA. Numbers above each bar indicate the number of cells assayed. E, The neuroprotective effects of synaptic activity alsoweremonitoredviaLDHrelease.CellstimulationwasperformedasdescribedinC.*Significantdifference( pϽ0.05)fromtheNMDA treatment condition. NMDA administration was performed in media containing TTX (1 M).
nisms by which the NMDA receptor exerts this dualist character are not clear, receptor location, the magnitude of the Ca 2ϩ response, and CREB activation may be critical factors. Initially, we tested whether NMDA receptor stimulation mediated by synaptic glutamate release attenuated the apoptotic effects of exogenous NMDA (50 M) application. For these experiments, NMDA receptor-dependent synaptic activity was elicited by the application of bicuculline and 4-AP in the presence of nimodipine and CNQX for 15 min. Then 24 h later, NMDA (50 M) was administered for 15 min. Hoechst labeling and LDH release were examined 8 h after NMDA administration. In the absence of a pretreatment with synaptic activity, NMDA elicited a marked increase in the number of dead and dying cells ( Fig. 1C-E) . In contrast, synaptic activity 24 h before NMDA application significantly decreased both the number of apoptotic cells and LDH release. These results indicate that excitatory neurotransmission mediated by NMDA receptor activation protects against NMDA-induced excitotoxic cell death.
Upregulation of the neurotrophin BDNF and the anti-apoptotic protein BCL-2 may be a mechanism by which synaptic activity confers neuroprotection against excitotoxic insults. Given that both BDNF and BCL-2 are CREB-regulated genes (Shieh et al., 1998; Tao et al., 1998) , these results suggest that neuroprotective (synaptic activity) and toxic (50 M NMDA) stimuli differentially regulate signaling via the CREB/CRE transcriptional pathway. To begin to address this issue, we examined the effects that brief stimulations (15 min) with synaptic activity and NMDA have on the activation of CREmediated gene expression. For these experiments, the neurons were transfected with a CRE-luciferase reporter construct after 8 DIV and stimulated (48 h later) with either synaptic activity driven specifically by the NMDA receptor (bicuculline, 4-AP, nimodipine, and CNQX) or the exogenous application of NMDA (1, 5, or 50 M). Luciferase activity measurements revealed that both synaptic activity and low concentrations of NMDA (1 and 5 M) stimulated significant increases in CREmediated gene expression, whereas the application of 50 M NMDA did not stimulate luciferase expression (Fig. 2 A) . In an attempt to determine why these stimuli have differential effects on CRE-mediated gene expression, we monitored the activation state of CREB. A number of studies have shown that the duration of CREB phosphorylation correlates with transcriptional activation (Bito et al., 1996 ; Liu and Graybiel, 1996; Impey et al., 1998). The exogenous application of 50 M NMDA triggered a robust but transient increase in pCREB; levels declined by 15 min after stimulation (25 min time point) and returned to basal levels by 45 min after stimulation (Fig. 2 D, 45 min time point). A significant increase in NMDA-induced cell death, as assessed by Hoechst labeling (data not shown) and LDH release (Fig. 3C, 2 h time point), was not observed during the period of CREB dephosphorylation, indicating that the rapid Figure 2 . NMDA, the CREB/CRE pathway, and cell toxicity. A, Neurons transfected with a CRE-luciferase reporter gene construct were stimulated (15 min) with NMDA (1, 5, 50 M), forskolin (5 M), or NMDA receptor-dependent synaptic activity (as described in Fig. 1C ) and assayed 8 h later. *Significant difference ( p Ͻ 0.05) relative to control buffer treatment. Data were averaged from triplicate determinations. B, Synaptic activity triggered a long-lasting form of CREB phosphorylation. In this example, the phosphorylated form of CREB was stimulated after a brief (10 min) administration of bicuculline (bic; 20 M). Cultures were collected at the poststimulus onset time points indicated. C, Long-lasting CREB phosphorylation was mediated by NMDA receptor activation. In this experiment, synaptic activity was stimulated (10 min) in the presence of CNQX (10 M) and nimodipine (nim; 5 M). D, The exogenous application of NMDA (50 M) triggered a transient form of CREB phosphorylation. Initially, cortical neurons were stimulated for 10 min. Then NMDA was washed from the medium, and the cultures were collected at the poststimulus onset time points indicated. E, Top, Preincubation (120 min) with the calcineurin antagonist FK506 (1 M) converted the NMDA-evoked (50 M) transient increase in CREB phosphorylation into a sustained elevation. Basal levels of CREB phosphorylation were not altered by FK506 pretreatment (Con t ϭ 0 and t ϭ 180 vs FK506 t ϭ 0 and t ϭ 180). Western blots are representative of at least three independent experiments. E, Bottom, FK506 pretreatment (1 M, 120 min) attenuated the toxic effects of NMDA (50 M, 15 min stimulation). LDH release was examined 8 h after NMDA administration. For the NMDA administration experiments, all solutions contained TTX. *Significant difference ( p Ͻ 0.05) relative to both control and NMDA administration. F, Neurons were transfected with an NF-ATc4-GFP fusion protein, and the effects of NMDA (50 M, 10 min stimulation) and synaptic activity (bicuculline plus 4-AP in the presence of nimodipine and CNQX, 10 min stimulation) on NF-ATc4-GFP subcellular localization were examined. F, Top, Representative confocal images of NF-ATc4-GFP expression under the four conditions. Cells were incubated (120 min) with FK506 (1 M) before NMDA stimulation. Note the marked nuclear translocation after NMDA administration. F, Bottom, Mean nuclear/ cytoplasmic NF-ATc4-GFP ratio under the four treatment conditions. Error bars denote the SEM. Numbers above each bar indicate the number of neurons analyzed. *p Ͻ 0.005, relative to all other conditions. Con, Control. drop in pCREB levels was not the result of acute cell death. In contrast to the transient pCREB response elicited by 50 M NMDA, the administration of bicuculline elicited a robust increase in CREB phosphorylation that persisted for Ն90 min after stimulus onset (Fig. 2 B) . Typically, synaptically evoked CREB phosphorylation persisted from 90 to Ͼ180 min. Long-lasting CREB phosphorylation was mediated by NMDA receptor activation; in the presence of nimodipine and CNQX, a brief period of synaptic activity triggered long-lasting CREB phosphorylation (Fig. 2C, 180 min time point) . The transient nature of CREB phosphorylation mediated by exogenous NMDA administration raised the possibility that a process of dephosphorylation also had been activated by the stimulus. Several studies have shown that the phosphatase calcineurin regulates the duration of CREB phosphorylation (Bito et al., 1996; Liu and Graybiel, 1996; Wu et al., 2001) . To address the potential role of calcineurin, we incubated cultures with the calcineurin inhibitor FK506 (1 M). Under this condition, the administration of NMDA (50 M, 10 min) led to a sustained increase in CREB phosphorylation that persisted for 180 min (Fig. 2 E, top) , paralleling the long-lasting increase in CREB phosphorylation mediated by synaptic activity. In addition, FK506 significantly attenuated the toxic effects of exogenous NMDA administration (Fig. 3E, bottom) . These data suggest that strong, potentially neurotoxic levels of NMDA receptor stimulation specifically may activate calcineurin. To assess the relative responsiveness of calcineurin to synaptic activity and NMDA (50 M), we monitored the subcellular localization of the transcription factor NF-ATc4. Nuclear translocation of NF-ATc4 is elicited by calcineurin-mediated dephosphorylation (Crabtree, 1999; Graef et al., 1999) . Thus by monitoring the nuclear/cytoplasmic NF-ATc4 ratio, one may infer the activation state of calcineurin. For these studies, the cortical neurons were transfected with an NF-ATc4-GFP fusion protein and stimulated (10 min) with NMDA (50 M) or synaptic activity (bicuculline, 4-AP, CNQX, nimodipine); then they were fixed and immunolabeled for GFP and the neuronal marker protein MAP2. NMDA elicited marked NF-ATc4-GFP nuclear translocation, whereas synaptic activity did not increase the nuclear expression of the transcription factor, relative to control conditions (Fig. 2 F) . Pretreatment with FK506 blocked NMDA-induced NF-ATc4 translocation, indicating that calcineurin activity is essential to couple NMDA to NFATc4 nuclear accumulation. Interestingly, FK506 reduced NMDA-induced NF-ATc4 nuclear localization to a level that was lower than that observed in unstimulated (control) neurons, indicating that there is tonic calcineurin activity under control conditions. Together these data reveal that NMDA (50 M) stimulates calcineurin activity but that synaptic activity is not effective. These differential response profiles provide mechanistic insight into how the duration of CREB phosphorylation is affected differentially by these two stimuli. The transient CREB phosphorylation mediated by exogenous NMDA application was in striking contrast to the sustained level of CREB phosphorylation mediated by synaptic NMDA receptor activation. These results raise the possibility that distinct pools of NMDA receptors (synaptic and nonsynaptic) and/or the intensity of the stimulus may govern pCREB duration. To gain insight into whether pCREB duration is related to NMDA concentration, we monitored the pCREB time course after exogenous stimulation with relatively low concentrations of NMDA. In contrast to the transient increase in pCREB mediated by 50 M NMDA, brief (10 min) treatment with either 1 or 5 M NMDA (in the presence of TTX) led to a persistent (ϳ90 -180 min) increase in CREB phosphorylation (Fig. 3A,B) .
To address the issue of whether the duration of CREB phosphorylation corresponds with the toxicity of the treatment, we analyzed LDH release from neurons treated with low and high concentrations of NMDA. Consistent with the idea that the prolonged CREB phosphorylation is associated with nontoxic NMDA stimulation, we found that low concentrations of NMDA (1 and 5 M) did not trigger significant cell death, whereas 50 M NMDA stimulated a significant increase in cell death (Fig. 3D) . In an additional parallel to the results observed by using the synaptic activity paradigm, pretreatment with a low concentration of NMDA (2.5 M) significantly attenuated excitotoxic effects of 50 M NMDA (Fig. 3D) . Collectively, these data indicate that (Fig. 2) , brief stimulation (10 min) with low concentrations of NMDA (1 and 5 M) triggered a sustained (90 -180 min) increase in CREB phosphorylation. As a protein-loading control, blots were stripped and probed for total ERK expression. B, Quantitation of the duration of NMDA-evoked (1-50 M) CREB phosphorylation. pCREB values were normalized to ERK 1 expression, and control conditions were set equal to 100%. Note that low concentrations of NMDA (1 and 5 M) elicited longer-lasting pCREB than the high (50 M) concentration of NMDA. *Significant differences ( p Ͻ 0.05) between low (1 and 5 M) and high (50 M) NMDA concentrations from the 25-180 min time points. Data are from triplicate determinations. C, The toxic effects of NMDA were correlated inversely with the duration of CREB phosphorylation. LDH assays performed 2 and 8 h after NMDA stimulation (15 min) revealed that low levels of NMDA (1 and 5 M) are relatively nontoxic, whereas 50 M NMDA led to a pronounced increase in LDH release at the 8 h time point. As a relative comparison for the toxic effects of NMDA, cortical neurons also were treated with glutamate (1 mM, 15 min). Data are from triplicate determinations. *Significant difference ( p Ͻ 0.05) relative to control conditions. D, Pretreatment with a low concentration of NMDA (2.5 M) significantly attenuated the excitotoxic effects of NMDA (50 M). In this assay, the cortical neurons were stimulated at time 0 (t ϭ 0) with 2.5 M NMDA for 15 min and then stimulated 24 h later (t ϭ 24) with 50 M NMDA; LDH release was assayed 8 h later. *p Ͻ 0.05, relative to 50 M NMDA administration. Con, Control; bic, bicuculline.
NMDA concentration determines the duration of CREB phosphorylation and determines whether NMDA is protective or toxic.
Kinase coupling to CREB
A panel of pharmacological inhibitors was used to identify the signaling events that couple synaptic/NMDA receptor activity to CREB phosphorylation. Initially, cortical neurons were treated with the broad-spectrum CaMK inhibitor KN62 (10 M), the mitogen-activated protein kinase kinase 1/2 (MEK1/2) inhibitor U0126 (10 M), the PKA inhibitor H89 (5 M), the inactive cAMP analog Rp-cAMPs (300 M), or the PKC inhibitor bisindolylmaleimide (1 M). Western blot analysis and immunofluorescent labeling for pCREB revealed that KN62 and U0126 significantly attenuated the capacity of synaptic activity to stimulate CREB phosphorylation (Fig. 4 A,B) . None of the other inhibitors were effective. As a control experiment, fura-2 Ca 2ϩ imaging was used to examine whether KN62 and U0126 inhibit neurotransmission and thereby nonspecifically affect the ability of synaptic input to regulate CREB phosphorylation. Representative recordings (Fig. 4C) (Fig. 4C) .
In contrast to the role the MAPK and CaMK pathways play in synaptically evoked CREB activation, neither pathway appeared to contribute to CREB phosphorylation mediated by high levels of NMDA (50 M) (Fig. 5A,C) . Control experiments (Fig. 5B ) validated the capacity of KN62 and U0126 to attenuate NMDAevoked (50 M) CaMKIV phosphorylation and MAPK activation, respectively. We also tested the capacity of a number of other pathways to couple excitotoxic levels of NMDA to CREB phosphorylation. Inhibitors of cAMP/PKA-dependent signaling (5 M H89; 300 M Rp-cAMPs) as well as the PKC inhibitor bisindolylmaleimide (1 M) had no effect on pCREB levels (Fig.  5A ). Because 50 M NMDA is neurotoxic, we assessed whether two stress-responsive pathways, the p38 MAPK pathway and c-Jun N-terminal kinase (JNK)/stress-activated protein kinase (SAPK), regulated CREB phosphorylation. Both pathways were activated by NMDA (data not shown); however, neither the disruption of p38 MAPK activity with SB203580 (10 -50 M) nor addition of the JNK/SAPK inhibitor SP600125 (30 M) had an effect on the NMDA-evoked CREB phosphorylation (Fig. 5D,E) . In addition, the phosphatidylinositol kinase pathway inhibitor LY294002 (30 M) and the broad-spectrum protein kinase inhibitor staurosporine (200 nM) had no effect on CREB activation (data not shown). In initial tests of ERK-5, we found that NMDA (50 M) did not elicit its phospho-activation (data not shown). analysis. Relative to control cultures, the administration of bicuculline increased pCREB expression; pretreatment with KN62 or U0126 attenuated the synaptic activity-dependent increase in CREB phosphorylation. C, To determine whether inhibition of MAPK and CaMK signaling disrupts Ca 2ϩ response characteristics, we loaded cortical cultures with fura-2, pretreated them (10 min) with 10 M KN6 or 10 M U0126, and examined the capacity of NMDA receptormediated synaptic activity to stimulate Ca 2ϩ transients. Representative examples show that robust Ca 2ϩ transients were generated in the presence of these inhibitors. As an additional control, Western blot analysis was used to examine the potency of these inhibitors. U0126 (10 M) attenuated synaptically evoked ERK phosphorylation; KN62 (10 M) attenuated synaptically evoked CaMKIV phosphorylation. Con, Control.
Finally, kinase coupling to CREB phosphorylation was tested by using a potent mixture of inhibitors (U0126, KN62, bisindolylmaleimide, H89, SB203580, SP600125, LY294002, and staurosporine). Under this condition, we noted a modest ϳ40% decrease in CREB phosphorylation (Fig. 5F ). Together, these data indicate that high, potentially toxic levels of NMDA couple to CREB phosphorylation via an atypical signaling event.
The MAPK and CaMK pathways do not determine the duration of CREB phosphorylation Next we examined the potential signaling events that govern the duration of CREB phosphorylation. Given the data showing that U0126 and KN62 attenuated synaptic/NMDA receptormediated CREB phosphorylation, we focused attention on the MAPK and CaMK cascades. To examine the duration of kinase activation, we collected cultures after 10 -60 min of persistent synaptic/NMDA receptor activation and processed them for the phosphorylated form of ERK and for the phosphorylated form of CaMKIV. As expected, synaptic activity led to CREB phosphorylation throughout the stimulus period (Fig. 6 A) . In contrast, CaMKIV activation was transient, peaking 10 min after stimulus onset and returning to near-basal levels before the end of the stimulus period. Given its transient activation profile, these results suggest that CaMK signaling may not contribute to the sustained increase in CREB activation. Indeed, treatment of cortical neurons with KN62 after 10 min of synaptic activity did not decrease the duration of CREB phosphorylation ( Fig. 6 B) ; in the presence of KN62, elevated pCREB levels were observed 90 -180 min after stimulation termination, paralleling the pCREB duration after synaptic stimulation in the absence of inhibitor administration. Persistent synaptic/NMDA receptor activation led to a sustained increase in ERK phosphorylation, paralleling the pCREB activation profile (Fig. 6 A) . Surprisingly, the administration of U0126 (10 M) after the onset of synaptically mediated CREB phosphorylation also failed to reduce the duration of CREB activation (Fig. 6 B) . In control experiments, synaptic activity (10 min) led to a sustained increase in ERK phosphorylation, and the administration of U0126 blocked sustained ERK phosphorylation (Fig. 6C) . These data suggest that MAPK and CaMK signaling are required for the onset of synaptically evoked CREB phosphorylation but that neither pathway regulates the duration of CREB activation.
Temporal regulation of CREB "shut-off" Hardingham et al. (2002) found that exogenous glutamate applied after 30 min of persistent synaptic activity triggered a rapid decrease in pCREB levels. Under this stimulus paradigm, the extrasynaptic CREB shut-off mechanism determines pCREB duration. In light of our data above showing that the duration of synaptically evoked CREB phosphorylation is independent of persistent kinase activity, we wanted to identify specifically when shut-off occurs: during the induction of synaptically evoked pCREB and/or during the period when persistent CREB phosphorylation has become independent of the MAPK and CaMK pathways. To test whether shut-off occurs during induction, we stimulated synaptic activity while we applied exogenous NMDA (50 M). After 10 min, the medium was changed to a TTX-containing solution, and the pCREB duration was determined. Under these conditions pCREB levels persisted for up to 90 min, consistent with the pCREB time course elicited by synaptic activity alone (Fig. 7A) . These data indicate that, when both synaptic and exogenous stimuli are applied simultaneously, synaptic activity dominates and thus determines pCREB duration. In agreement with the work of Hardingham et al. (2002) , we found that if synaptically mediated CREB phosphorylation was elicited before exogenous NMDA receptor stimulation, pCREB shut-off occurred (Fig. 7B) . These data indicate that the sequence of stimulation determines which pathway exerts control over pCREB duration. The number above each lane indicates the pCREB/ERK ratio, which was normalized to the first control condition, which was set equal to 1. Inhibitors were applied 30 min before NMDA stimulation and maintained in the culture media until the cells were lysed. All buffers contained TTX (1 M). Con, Control.
Synaptic activity, CRE-mediated transcription, and neuroprotection
Finally, to form a definitive link between CREB and attenuation of NMDA-mediated toxicity, we transfected cortical neurons with a constitutively active CREB construct (VP16-CREB) and a GFP reporter construct and then, 48 h later, stimulated them with 50 M NMDA. GFP immunofluorescence was used to identify transfected cells, NeuN was used to verify that the cells were neurons, and Hoechst labeling was used to examine cell health. Relative to empty vector-transfected neurons, transfection of VP16-CREB significantly attenuated NMDA-induced cell death (Fig. 7A,B) . In the absence of NMDA administration, VP16-CREB did not affect cell survival (data not shown). As a control, we show that VP16-CREB stimulated the expression of a CREluciferase reporter gene (Fig. 7C) . A-CREB, a dominant-negative inhibitor of CREB (Ahn et al., 1998) , also was used to test the role of CREB in synaptic activity-dependent neuroprotection. In this set of experiments the neurons were transfected with A-CREB and GFP; synaptic activity was elicited 24 h later (at t ϭ 0) for 15 min (Fig. 8 D) . At 24 h after synaptic stimulation, the cells were exposed to NMDA (50 M, 15 min), and the apoptotic effects were assayed 8 h later (Fig. 8 D) . In the absence of NMDA administration, A-CREB did not increase the number of apoptotic cells, Figure 6 . The MAPK pathway and CaMKIV do not regulate the duration of CREB phosphorylation. A, The duration of CREB, CaMKIV, and ERK phosphorylation was monitored during a period of persistent NMDA receptor-mediated synaptic activity. Cultures were lysed 10 -60 min after the onset of synaptic stimulation [bicuculline (bic) plus 4-AP containing nimodipine and CNQX]. Control cultures (no stimulation) were collected at the beginning and the end of the stimulus period. Robust increases in both CREB and ERK phosphorylation were observed for the duration of the stimulation. However, CaMKIV phosphorylation was transient, showing maximal activation at the 10 min time point. B, To examine the contribution of CaMK and MAPK signaling to the duration of CREB phosphorylation, we transferred cells to media containing KN62 (10 M) or U0126 (10 M) immediately after synaptic stimulation. Samples were collected at the prestimulus and poststimulus time points indicated. Relative to the control synaptic activity condition (no inhibitor), disruption of CaMK signaling and MAPK signaling did not alter the duration of CREB phosphorylation. C, As a control experiment, the duration of ERK phosphorylation was examined. Synaptic activity triggered sustained ERK phosphorylation; the administration of U0126 after stimulation dramatically attenuated ERK activation. Con, Control. After stimulation, the medium was changed to a TTX-containing solution, and the pCREB expression was determined at the time points outlined. Mock stimulation is shown for the t ϭ 0 time point. Under this 10 min stimulus condition, pCREB expression persisted for 90 min. B, Cultures initially were stimulated (10 min) with synaptic activity (bicuculline plus 4-AP with nimodipine and CNQX from -40 to -30 min) and then placed in a TTX/HEPES buffer (30 min; from -30 to 0 min). After this treatment, NMDA (50 M) was administered for 10 min (from 0 to 10 min), and the cells were then returned to a TTX/HEPES buffer. pCREB expression was determined at the time points outlined. pCREB levels for both synaptic stimulation (bicuculline plus 4-AP in the presence of nimodipine and CNQX) and mock stimulation [control (Con)] are shown for the t ϭ 0 time point (before NMDA administration). Under this sequential stimulus paradigm, pCREB expression returned to basal levels by 25-45 min after NMDA administration. Data are representative of triplicate determinations.
relative to empty vector (pcDNA3.1) transfection. However, A-CREB did exacerbate the excitotoxic effects of NMDA and significantly reduce the neuroprotective effects of synaptic activity (Fig. 8 E) . Thus under control conditions (empty vector transfection), synaptic activity reduced the toxic effects of NMDA by 71%, whereas in the presence of A-CREB, the synaptic activity reduced the toxic effects of NMDA by 36%, an approximately twofold diminution of the neuroprotective effects of synaptic activity. Collectively, these data indicate that the CREB/CRE signaling pathway contributes to the neuroprotective effects of synaptic/NMDA receptor activity.
Discussion
Work over the past several years has revealed that the CREB/CRE transcriptional pathway is a complex regulator of a vast array of activity-dependent physiological processes. Of particular prominence have been data examining the role of CREB as a regulator of neuronal health and viability (Walton et al., 1996 (Walton et al., , 1999 Bonni et al., 1999; Mabuchi et al., 2001; Lonze and Ginty, 2002; Jaworski et al., 2003) . In this study, we focused on the interplay between the neuroprotective and cytotoxic effects of NMDA receptor stimulation and on how these extremes in cellular responsiveness affect the activation state of CREB. The data presented here reveal that (1) the magnitude of NMDA receptor stimulation (toxic vs nontoxic) determines the duration of CREB phosphorylation via the selective recruitment of calcineurin activity, (2) permissive and toxic levels of NMDA receptor activation regulate CREB phosphorylation via distinct cellular signaling pathways, (3) the sequence of stimulation with neurotoxic levels of NMDA and neuroprotective synaptic activity determines which pathway exerts control over pCREB duration, and (4) the neuroprotective effects of NMDA receptor activation are mediated, in part, via activation of CREBdependent transcription.
We have shown previously that cortical neurons cultured from embryonic day 18 rat pups begin to form functional synaptic connections by 5 DIV and secrete both glutamate and GABA (van den Pol et al., 1995; Obrietan and van den Pol, 1998) . To observe robust levels of synaptic activity after 10 DIV, we cultured our neurons under relatively dense conditions. The density of the cultures affects both the rate of synapse formation and the number of functional synapses. For example, van den Pol et al. (1998) found that presynaptic re- Figure 8 . Synaptic activity attenuates NMDA-mediated cell death via a CREB-dependent mechanism. A, Neurons were transfected with VP16-CREB or the control vector pcDNA3.1 and stimulated 48 h later with NMDA (50 M, 15 min). Cell viability was scored 8 h later. Cotransfection with GFP was used to identify transfected cells, NeuN was used to verify that the cells were neurons, and Hoechst labeling was used to assess toxicity. The arrow identifies a representative transfected cell that is dying; arrowheads denote healthy cells. B, Quantitation of the percentage of transfected neurons undergoing apoptosis. Relative to vector transfection, the transfection with VP16-CREB attenuated (*p Ͻ 0.05, significantly different from control vector transfection) the toxic effects of NMDA. Error bars denote SEM. Numbers above the bars indicate the number of neurons assayed. C, A CRE-luciferase reporter construct was cotransfected with VP16-CREB or pcDNA3.1 to validate that the constitutively active CREB construct stimulated CRE-dependent transcription (*p Ͻ 0.05, significantly different from control vector transfection). D, A-CREB attenuates the neuroprotective effects of synaptic activity. Neurons were cotransfected with GFP and A-CREB expression vectors. Then 24 h later, neuronal activity was elicited [t ϭ 0, bicuculline (bic) plus 4-AP with nimodipine and CNQX, 15 min]. NMDA (50 M) was administered 24 h after bicuculline stimulation (t ϭ 24, 15 min), and cell viability was scored 8 h later. GFP immunofluorescence was used to identify transfected cells, MAP2 was used to verify that the cells were neurons, and Hoechst labeling was used to assess toxicity. Arrows identify transfected cells that were dead or dying; arrowheads denote healthy cells. E, Quantitation of transfected neurons undergoing apoptosis. Relative to control expression vector transfection (pcDNA3.1), transfection with A-CREB significantly attenuated (*p Ͻ 0.05, relative to control vector transfection) the neuroprotective effects of synaptic activity and augmented the neurotoxic effects of NMDA. Numbers above each bar indicate the number of neurons assayed. In the table shown below the bars, the percentage of apoptotic neurons was normalized to control conditions (no stimulation), which was set equal to 1. Error bars denote SEM. Data are the mean of triplicate determinations. (Martinou et al., 1994; Kitagawa et al., 1996; Lawrence et al., 1996; Bonni et al., 1999; Riccio et al., 1999; Mabuchi et al., 2001; Sugiura et al., 2004 ). In our model, synaptic activity and low concentrations of NMDA, but not high concentrations of NMDA, stimulated BDNF expression (data not shown). Furthermore, we found that overexpression of constitutively active CREB reduced the toxic effects of high concentrations of NMDA and that A-CREB blocked the neuroprotective effects of synaptic activity. These results raise the possibility that a targeted approach to upregulate CREBdependent transcription may confer resistance against the neurotoxic effects of excessive excitatory neurotransmission.
